The collection of maternal placental intervillous blood (IVB), without contamination of fetal blood and with an accurate mononuclear cell profile, is essential for immunological studies of placental malaria and other infectious diseases of the placenta. We have compared five documented methods of IVB collection: perfusion, incision, biopsy, tissue grinding, and puncture (prick) for fetal blood contamination and mononuclear cell profiles using flow cytometry. Twenty-five placentas were obtained from Plasmodium falciparum and human immunodeficiency virus-negative primigravid and secundigravid women delivering at Nyanza Provincial Hospital in Kisumu, western Kenya. Each of the five methods was performed on the same placenta. Fetal red blood cell contamination was significantly lower for the prick and perfusion methods (4.1% and 8.3%, respectively) than for incision (59.5%), biopsy (42.6%), and tissue grinding (19.9%).
The placenta is a complex, sophisticated organ with several important functions throughout gestation. Its primary purpose is to provide sustenance for the developing fetus; however, the placenta is also a site for pathogen sequestration and/or invasion of the fetus via maternal blood circulation (1, 2, 5, 7, 20) . For instance, in regions where malaria is holoendemic, malaria infection in pregnant women leads to parasite accumulation in the placenta, resulting in a condition termed placenta malaria. Placental malaria has serious consequences for maternal health and fetal development, including maternal anemia and low-birth-weight infants (8, 14) . Because not all malaria-exposed pregnant women in areas of malaria endemicity suffer from placental malaria and its serious consequences, research is ongoing to elucidate protective immune responses against placental infection and/or immune pathogenesis. However, results from different studies are often discordant. One of the major factors in the discordance is that different techniques of sample collection have been employed in different studies. There is therefore general consensus that studies of placental immune responses require the collection of placental samples by using well-defined and reliable methods.
Various placental tissue sampling and intervillous blood (IVB) collection methods are currently used, but there is a lack of information on the comparative attributes and deficiencies of these methods. In selecting an IVB collection method for studies of maternal immune responses, we need to consider two critical factors. First, IVB must be collected with minimal fetal blood contamination, and second, isolated IVB must have a mononuclear cell profile that most accurately represents maternal IVB. Fetal cells have been reported to modify maternal immune responses, particularly in culture (19, 24) , and there is also evidence that excessive manipulation during sampling can alter maternal immune cell profiles and cellular functions (10) .
To determine the most appropriate method of placenta IVB collection for placental malaria immunological studies, we compared five documented collection methods for their level of fetal red blood cell contamination and intervillous blood immune cell profiles. The five collection methods compared were placental perfusion (15) , placental basal incision (3), placental tissue biopsy (22) , placental tissue grinding (9) , and placental chorionic plate puncture (prick) (4) .
MATERIALS AND METHODS
Study site and subjects. Placentas were obtained from mothers who delivered at the Nyanza Provincial General Hospital in Kisumu, an area in western Kenya where malaria is holoendemic and human immunodeficiency virus (HIV) is epidemic. After informed consent, mothers in their first and second pregnancies were screened for malaria parasites and HIV. Placentas from mothers negative on a Giemsa-stained thick blood smear for malaria, negative for HIV-1 and HIV-2 antibody, and with no other apparent underlying diseases were processed. Twenty-five placentas were collected immediately upon expulsion into sterile containers with anticoagulant (heparin), carefully examined, and immediately prepared for sample processing if intact and undamaged. A peripheral blood sample from the same mother was collected within 16 h of delivery to serve as a reference for immunophenotyping. Both umbilical cord blood collected by release of the clamp on the cord and an HIV-negative male venous blood sample from the blood bank in Kisumu were included with each set of placenta samples to serve as controls for fetal cell contamination. The study was approved by the Kenya Medical Research Institute Ethical Review Committee and the Institutional Review Board of the Centers for Disease Control and Prevention, Atlanta, GA.
Placenta processing. All five methods of IVB collection were performed on each placenta to ensure that differences among methods were comparable. Collection methods were carried out in the following order: prick, perfusion, incision, biopsy, and tissue grinding. The order of collection was determined by the degree of tissue damage resulting from the method of sampling. The placenta was arbitrarily divided into quadrants, with the first four methods performed in separate quadrants. Figure 1 shows a diagrammatic representation of the five sampling methods from the time of placental expulsion to the end of sample processing. Each placenta was processed within a maximum period of 45 min after expulsion.
(i) Placental prick. A modification of the method described by Camelo et al. (4) was employed. This method of collection accesses placental intervillous spaces through the chorionic plate. The placenta was carefully placed on a raised sterile wire mesh stand, with the chorionic plate (fetal side) facing down to promote blood accumulation and IVB space accessibility. A large-bore, 14-gauge needle attached to a syringe was directed approximately 0.5 cm deep through the wire mesh into the intervillous space, denoted as dark-purple regions, while we carefully avoided puncture of the surrounding fetal vessels on the surface of the chorionic plate. The syringe was gently pulled to create a vacuum initiating blood flow, followed by withdrawal to allow for dripping blood, about 1 ml, to be collected into microcentrifuge tubes charged with 25 l of a 1:4 heparin (stock concentration, 1,000 units/ml) dilution in phosphate-buffered saline (PBS).
(ii) Perfusion. The placenta was then placed on a 20°angled surface, with the maternal side facing up for perfusion as described by Moore et al. (15) . A quadrant different from the one used for the prick method was selected. Four umbilical vessel catheters (UVCs) were inserted into the placental tissue to a depth of about 2 to 4 mm, 2 to 4 cm apart. Approximately 50 ml of a 1:150 heparin (stock concentration, 1,000 units/ml) dilution in PBS at a flow rate of 8 ml per minute was delivered into the intervillous spaces by a peristaltic pump (Cole Parmer Instrument Company, Vernon Hills, IL). The 50 ml of PBS-diluted blood flushed out by this action was collected using a blunt 20-ml syringe.
(iii) Incision. Two to three shallow cuts, approximately 2 mm deep, were made into the maternal surface of the placenta's third quadrant, using a sterile scalpel. The resultant blood, about 2 ml, that seeped into these incisions was collected using a blunt 1-ml syringe and transferred into heparin-charged microcentrifuge tubes (3) .
(iv) Biopsy. A biopsy 2-cm square that was 2 mm deep in size was obtained from the maternal surface, approximately a quarter of the distance from the center of the placenta in the last placental quadrant, and transferred to a heparin-PBS (5 ml)-containing petri dish. Using the flat edge of a scalpel, we gently teased the tissue apart, working from the outer edge inward to release blood into the PBS (21) . The resulting cell suspension was placed in a 15-ml centrifuge tube, and the tissue debris was allowed to settle; cells were retained in the supernatant. The supernatant was aspirated and transferred to another 15-ml centrifuge tube.
(v) Tissue grinding. A pie-shaped, full-thickness block of placental tissue, with a 5-cm radius, was sliced from the placenta, avoiding the quadrant that was perfused, and was fed into a meat grinder. The blood emerging from the grinder before tissue pushed through (approximately 5 ml) was collected into heparincharged microcentrifuge tubes (8) .
Flow cytometry analysis. The detection of fetal blood contamination was done by single-color flow cytometry using a fluorescein isothiocyanate fluorochromelabeled antifetal hemoglobin (HbF) monoclonal antibody kit (Caltag Laboratories, Burlingame, CA). For each experiment, a negative (0% fetal red blood cells [RBCs] in adult male blood) and a positive (10% fetal RBCs in adult male blood) control were set up alongside the placental samples according to the manufacturer's instructions (Caltag Laboratories, Burlingame, CA).
Mononuclear cell population and subpopulation phenotypes were determined by using four-color flow cytometry. Immunophenotyping was carried out on blood collected by each method, and a corresponding peripheral sample of maternal blood was used as a reference for the identification of T cells, B cells, NK cells, memory cells, and monocytes using a combination of the fluorochromelabeled monoclonal antibody reagents listed in Table 1 . All the antibody reagents were obtained from Becton Dickinson, San Jose, CA.
Fetal RBC and maternal mononuclear cell population/subpopulation enumeration was performed on a FACSCalibur (BD Biosciences, California) flow cytometer using BD CellQuest Pro software (BD Biosciences, California). For determination of fetal blood cell contamination, red blood cells were gated by forward scatter-side scatter (FSC-SSC) and a total of 50,000 events were acquired. Contamination levels were determined by the subtraction of the negative FIG. 1. Chronology of sampling events. Within approximately 2 min of placenta expulsion, an intervillous blood sample by the prick method was collected from a region appropriately chosen for the technique. Perfusion was carried out next in a separate quadrant; perfusate was obtained within 20 to 25 min of placental expulsion. Blood collection by incision was carried out next, followed by biopsy within at least 5 min of each other, and finally, approximately 45 min after placental expulsion, blood by tissue grinding was collected. On average, all techniques were carried out within a maximum period of 45 min after placenta expulsion. 1  CD3  CD8  CD45  CD4  2  CD3  CD56 and CD16  CD45  CD19  3  CD45RA  CD8  CD3  CD4  4  CD45RA  CD14  5  IgG1  IgG1  IgG1  IgG1  6  CD4  CD8  CD3  CD19 a Tubes 1 to 4 represent the antibody combinations for the identification of various cell subpopulations. Tube 5 represents the isotype control, while tube 6 was used for compensation. The antibodies used are as follows: fluorescein isothiocyanate (FITC)-conjugated monoclonal antibodies to CD4 (mouse IgG1 k, RPA-T4), CD3 (mouse IgG1 k, UCHT1), CD45 (mouse IgG1 k, HI30), and CD45RA (mouse IgG1 k, HI100); phycoerythrin (PE)-conjugated antibodies to CD8 (mouse IgG1 k, HIT 8a), CD14 (mouse IgG1 k, M5E2), CD56 (mouse IgG1 k, B159), and CD16 (mouse IgG1 k, 3G8); peridin chlorophyll protein (PerCP)-conjugated antibodies to CD3 (mouse IgG1 k, UCHT1) and CD45 (mouse IgG1 k, TU116); and allophycocyanin (APC)-conjugated antibodies to CD4 (mouse IgG1 k, RPA-T4) and CD19 (mouse IgG1 k, HIB19). In addition, the following isotype controls were used: mouse IgG1 FITC (IgG1 k, MOPC21), mouse IgG1 PE (IgG1 k, MOPC21), mouse IgG1 PerCP (IgG1 k, MOPC21), and mouse IgG1 APC (IgG1 k, MOPC21). VOL. 13, 2006 PLACENTA AND IMMUNOLOGY 569
on September 26, 2017 by guest http://cvi.asm.org/ control value from the tested sample value, and results were reported as percentages of gated red blood cells. For immunophenotyping, compensation was performed for each experimental setup using maternal peripheral blood. Lymphocytes were identified and gated by FSC-SSC. A minimum of 5,000 lymphocytes within the lymphocyte gate were acquired and were used as the guide for total event acquisition. Isotype controls were included for each placental sample and were used for the subtraction of background. Results for total T cells and T-cell subpopulations, B cells, and NK cells were reported as percentages of the lymphocyte gate events, while results of CD14 ϩ monocytes were reported as percentages of total CD45 ϩ cells. Statistical analysis. Data analysis compared the five different methods of placenta collection for fetal RBC contamination levels and immune cell population/subpopulation profiles. Since five methods were performed on the same placenta, to account for the correlation between measurements from the same placenta, a random intercept model was fit with the collection method as the (fixed) predictor of interest and a random effect for each placenta. The model was fit with an unstructured covariance structure on the random effect (12) . When necessary, the outcome data were transformed (natural log or square root transformation) to obtain an approximate normal distribution. An overall F test was used to test whether the mean percentages of all methods were the same. Pairwise differences are reported for each pairwise comparison between the mean percentage estimates. Confidence limits (CLs) based on empirical standard error estimates are reported. CLs and P values of the differences are adjusted using the Tukey method to account for the 10 pairwise comparisons being made. In pairwise comparisons, a significance level of 0.01 was set a priori. A nonparametric sign test was used to compare whether the difference in prick versus peripheral cell percentages was different from 0. The data were analyzed using SPSS (SPSS version 11.0.1; Chicago, IL) and SAS (SAS version 8.0.2; Cary, NC) software packages. 
RESULTS
Fetal hemoglobin contamination levels. Figure 2 shows an example of the fetal RBC staining dot plot analysis of samples collected from a representative placenta. Gating for RBCs was performed on the FSC-SSC plot ( Fig. 2A) , and quadrant markers were set according to the 0% and 10% controls ( Fig. 2B  and C) . The analysis plots for each method of collection for this representative sample are shown in Fig. 2D to H. The lowest percentage of positive staining for HbF was observed for the prick method of collection, whereas the highest percentage of positive staining was obtained from the incision method of collection. Mean levels of percent positive HbF staining (means Ϯ standard deviations) from all 25 placentas for each method of collection were as follows: prick, 4.1 Ϯ 3.7; perfusion, 8.3 Ϯ 9.2; incision, 59.5 Ϯ 26.0; biopsy, 42.6 Ϯ 26.3; and tissue grinding, 19.9 Ϯ 12.5. The differences in fetal RBC contamination among the five methods of maternal IVB collection were statistically significant (P Ͻ 0.0001). Further pairwise comparisons between the different methods for fetal RBC contamination levels revealed that the prick and perfusion methods of collection were similar (P ϭ 0.27), as were incision and biopsy (P ϭ 0.3) ( Table 2) .
Mononuclear cell profiles. Figure 3 shows the FSC-SSC analysis dot plots of mononuclear cell profiles from a representative placental sample by the five methods of collection. Peripheral blood leukocytes, shown for reference purposes, separated into three distinct cell subpopulations: lymphocytes, monocytes, and granulocytes (Fig. 3A) . Mononuclear cells by the prick method of collection exhibited a distribution of cells similar to that of peripheral blood cells, with separation into three discrete populations (Fig. 3B ). Incision and tissue grinding displayed some degree of separation ( Fig. 3D and F) , while samples collected by perfusion and biopsy did not separate well into distinct cell subpopulations ( Fig. 3C and E) . Table 3 shows mean percentages of cell populations (monocytes and lymphocytes) and cell subpopulations (CD4 and CD8 T cells, memory T cells, B cells, and NK cells) obtained from 25 placentas. Mean percentages for monocytes and lymphocytes were different among the five methods of collection (P Ͻ 0.0001). Differences in T-cell yields by the method of collection were observed, whether assessed as total T cells (CD3 ϩ T cells) or independently as CD4 ϩ and CD8 ϩ T cells (P Ͻ 0.0001). For these cell types, yields were highest with the prick collection method. An analysis of T cells for CD45RA marker distribution, the absence of which was used as an indication of T-cell memory, showed differences for both CD8 memory T-cell (P Ͻ 0.001) and CD4 memory T-cell (P ϭ 0.002) percentages. Yields of B and NK cells were also different among the five methods of collection (P ϭ 0.004 and P Ͻ 0.0001, respectively). Further pairwise comparisons of the above cell phenotypes between prick and perfusion, the two methods with the lowest fetal red cell contamination, revealed that sample collection by prick (i) yielded significantly higher percentages of CD4 T and CD4 memory T cells (P Ͻ 0.0001 and P ϭ 0.009, respectively) and (ii) had marginally higher total T-cell and B-cell percentages than perfusion (P ϭ 0.04 and P ϭ 0.03, respectively) ( Table 4) .
DISCUSSION
Five methods of placental IVB collection (prick, perfusion, incision, biopsy, and tissue grinding) were compared for fetal blood contamination and maternal mononuclear cell profiling. The data from this study provide comprehensive information for the determination of an appropriate method of intervillous blood collection for immunological studies.
Fetal blood contamination levels in maternal intervillous blood were determined by a sensitive fluorochrome-labeled monoclonal antibody directed against HbF, which is able to detect contamination levels as low as 1 fetal RBC per 100,000 maternal red cells. The prick method of collection had the lowest level of contamination. This result is not entirely unexpected. Entry into IVB spaces without puncture of fetal vessels is better facilitated from the chorionic plate than the basal plate, due to the absence of minute fetal vessels in this region. Perfusion accesses IVB spaces via UVCs, through the basal plate on the maternal side that contains a dense lattice of fetal capillaries. Capillaries are likely to be broken upon insertion of the UVCs and may explain the slightly higher, albeit statistically insignificant, levels of fetal blood contamination observed. Sample collection by incision, biopsy, and tissue grinding demonstrated unacceptably high levels of fetal blood contamination. Over 50% of the blood sample obtained by incision was fetal in origin. It is likely that both the incision and biopsy methods of IVB sampling cut directly into the villous tree, with the blood that wells into the incision being largely fetal blood and not maternal IVB.
Immune cell profiles in IVB collected by five different methods were determined by flow cytometry. Significant variation was observed among the five methods in the levels of monocytes, total T cells, CD4 ϩ and CD8 ϩ T cells, B cells, and NK cells. It is easy to envision that the degree of fetal blood contamination in each of these five methods is a major cause for the varied immune cell profiles seen in this study. Numerous studies have shown that immune cell levels in fetal blood are significantly different from those in the peripheral blood of adults (6) . Cell release from tissue, due to physical trauma to placenta caused by the sampling method may also contribute to differences observed in immune cell profiles. A disruption of maternal tissue, such as decidua, known to have high levels of macrophages (monocytes) and NK cells, may release cells into the IVB and thus alter cell profiles. The placental surface sampled, basal or chorionic, may be critical to disruptions in the anatomical structure of placental tissue. The prick method a Paired comparison results for various cell subpopulations between only prick and perfusion are reported here, as these two methods showed similar low levels of fetal cell contamination (see Table 2 ).
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on September 26, 2017 by guest http://cvi.asm.org/ of collection, with minimal tissue trauma, accesses IVB spaces from the chorionic surface and delivers relatively pure IVB. Perfusion, on the other hand, involves accessing IVB spaces via the basal plate; this coupled with the fact that perfusion requires external pressure to flush out IVB blood, which results in some tissue trauma from turbulence during the procedure, may account for the results observed. The methods of incision, biopsy, and tissue grinding also sampled the maternal basal surface; each was highly invasive, resulting in high levels of tissue trauma that may subsequently release cells from maternal tissue.
Monocyte levels are generally increased in the placenta during pregnancy as part of the innate immune response necessary for protection against infection (18) . A recent study conducted by us that used perfusion to obtain placental blood mononuclear cells reported mean levels of IVB monocyte cells that were 49% higher than peripheral blood monocytes (17) . In the current study, however, relatively lower levels of monocytes by perfusion were observed. In both studies, perfusion was performed in essentially the same manner, with the only difference being the choice of anticoagulant. Whereas the present study used heparin for placenta sample collection, EDTA was used in the previous study. The difference in use of anticoagulant by the two studies may offer an explanation for the discordant results. EDTA, known as a chelating agent for calcium, may have facilitated the release of immune cells, adhering via cell surface adhesion molecules with trophoblast epithelial cells of the placenta or with each other (25, 26) , thereby resulting in the higher numbers of monocyte cells reported. Histopathological examinations of placenta perfused with EDTA show that essentially all IVB mononuclear cells are flushed out of the perfused area (J. M. Moore et al., unpublished data). It is noteworthy that the forward and side scatter image of IVB obtained by perfusion with EDTA is much more similar to that observed with peripheral blood in our previous study (16) than that observed with heparin perfusion in the current study (Fig.  3C) . However, heparin is the anticoagulant of choice for many functional studies due to the impact of EDTA on calcium flux in immune cells.
T lymphocytes are crucial to the immune process and are often the focus of immune response investigations; thus, the collection of blood samples with accurate lymphocyte proportions is imperative. In this study, pairwise comparisons of Tcell yields between prick and perfusion, the two methods with low fetal blood contamination, revealed that prick obtained significantly higher percentages of both CD4 T and CD4 memory T cells than perfusion. Cord blood has been reported to exhibit a greater proportion of naive cells than memory cells (11, 21) . In view of the fact that the prick method had the lowest levels of contamination, sample collection by prick may be a true reflection of IVB composition. In this study, we also observed that T-cell and T-cell subpopulation levels were lower in IVB by the prick method than in peripheral blood. The lower levels of T lymphocytes in placenta than in peripheral blood could be attributable to the fact that the placenta would not have appreciable T-cell responses, particularly in first and second pregnancies (16) .
B-cell levels revealed borderline differences between prick and perfusion, with prick yielding higher levels of B cells. Given that the prick method of collection obtained minimal fetal blood contamination, the yield of B cells by this method may reflect the true humoral immune environment necessary for a good pregnancy outcome. Immunology studies have shown that asymmetric immunoglobulin G (IgG) synthesized by placental B cells plays an important role in the degeneration of paternal antigens for fetal protection (13) .
There was no difference in NK cell percentages between prick and perfusion methods, but these two methods showed higher levels of NK cells in IVB than in peripheral blood. These results are in agreement with our previous study using the perfusion method, which reported IVB NK cell levels threefold higher than peripheral blood levels (17) . In contrast, a study in Tanzania showed a total absence of NK cells in the intervillous spaces in selected samples from women investigated for cell-mediated inflammatory responses, regardless of placenta malaria status (18) . The basis for this significant disparity may be attributed to differences in the techniques used. Whereas the current study used highly sensitive immunophenotyping by flow cytometry, using anti-CD56 and anti-CD16 monoclonal antibodies to identify NK cells, the Tanzanian study used a relatively less-sensitive technique, immunohistochemical analysis of formalin-fixed, paraffin-embedded tissue, which also failed to detect CD4 ϩ T cells (18) . We speculate that IVB cells may have been lost in the process of tissue fixation or that antigen recovery was insufficient in that study, thus resulting in the underestimation of NK cell levels. In addition, immunohistochemical analysis by morphology is not adequate to distinguish NK cells. Nonetheless, NK cells in IVB were detected in the present study, and additional investigations have also shown an association between placental NK cells and protection from placenta malaria (C. Othoro et al., unpublished data). A more recent study has also reported that NK cells in placenta may be among the mechanisms involved in poor birth outcome associated with placenta malaria infection (23) . Taken together, accumulation of NK cells in the placenta is part of the nonspecific immune responses necessary for protection against or pathogenesis of placental infection.
In conclusion, among the five methods of IVB collection, the placenta prick method offered the best technique for immunology studies. Prick had the lowest fetal RBC contamination as well as yielded the highest percentages of various cell subpopulations. Plasma derived from prick sampling is not diluted and can therefore be used for assays requiring plasma. Furthermore, prick is simple and easy to perform, involves minimal placental manipulation, and does not require sophisticated equipment for collection, making it easily adaptable for field studies. It presents the most natural method of placental blood collection, much in the same way that finger prick blood is collected. However, one limitation to this method of collection is the low volume obtained. Perfusion represents the next best method of choice, due to the relatively low levels of fetal blood contamination and high volume yield. The use of electric power to flush out maternal cells, however, results in high placental manipulation that may render perfused blood inappropriate for assays requiring minimum manipulation, such as RNA and activation assays. In addition, perfusion highly dilutes plasma, making it inappropriate for antibody measurements and intracellular staining assays requiring autologous plasma. Perfusion also requires special equipment that may limit its appeal for field-based studies. Although both prick and VOL. 13, 2006 PLACENTA AND IMMUNOLOGY 573
on September 26, 2017 by guest http://cvi.asm.org/ perfusion are not significantly different in fetal blood contamination levels, differences in CD4 T and CD4 memory T cells are evident. Given these advantages and disadvantages, we propose that a combination of prick and perfusion for IVB collection performed on the same placenta is ideal for the immunological study of placental infection. Incision, biopsy, and tissue grinding methods of collection display high levels of fetal blood contamination and varied immune cell profiles. Cord blood T cells have been reported to exert high suppressor activity on maternal lymphocytes (19) ; thus, blood collection by any one of these three methods would skew data of maternal immune responses. These limitations notwithstanding, collection by incision, biopsy, and tissue grinding may still be used for immunological investigations in which the study correlate is an adverse pregnancy outcome related to the fetus, such as low birth weight. Immune responses generated by both maternal and fetal cells at the placental level may contribute to pregnancy outcome.
